A new, simple, and rapid stereoselective normal phase-liquid chromatographic (NP-LC) method was developed to separate and quantify the solifenacin succinate and its three stereoisomers. The stereoisomeric separation was achieved on Chiralpak IC (250 × 4.6 mm ID) column. The mobile phase was consisting of n-hexane, ethanol, isopropyl alcohol, and diethylamine in the ratio (60 : 15 : 25 : 0.1, v/v/v/v), and the flow rate was maintained at 1.0 mL min −1 . UV detection was carried out at 220 nm. In addition, chiroptical detection was carried out using laser polarimeter to understand the elution orders. Resolution between all the stereoisomers was not less than 3. Effect of column temperature on resolution between the stereoisomers was studied. The method was validated as per ICH guideline and found to be robust. The proposed NP-LC method was successfully applied to the analysis of commercial formulation. The method could be of use not only for routine evaluation of the quality of solifenacin succinate in bulk drug manufacturing unit but also for detection of impurities in pharmaceutical formulations.
Introduction
Solifenacin, a well-known muscaranic receptor antagonist belongs to the anticholinergics used for the treatment of patients with overactive bladder such as urinary urgency, urinary incontinence, and high urinary frequency. It acts as a selective antagonist to the M(3) receptor and works by relaxing the bladder muscles to prevent urgent, frequent, or uncontrolled urination. It is available in the market under the brand name Vesicare in the form of tablets for oral administration containing 5 or 10 mg of solifenacin succinate taken once daily [1] [2] [3] [4] [5] [6] [7] . Solifenacin succinate is the succinic acid salt of (3R)-1-azabicyclo[2.2.2]oct-3-yl-(1S)-1-phe-nyl-3,4dihydroisoquinoline-2(1H)-carboxylate having two chiral centers at C1 and C3 positions, and hence four possible stereoisomers do exist. Chemical structures of solifenacin and its three stereoisomers, namely (RS)-stereoisomer (isomer-1), (SS)-stereoisomer (isomer-2), and (RR)-stereoisomer (isomer-3), are shown in Figure 1 . Stereoiso-mers of racemic drugs often differ in pharmacokinetic behavior or pharmacological action, and among the four stereoisomers, the pharmacological action of (SR)-stereoisomer, that is, solifenacin shows high affinity and selectivity for the M3 receptor and hence has been approved as the drug [8] . Recently, we reported the novel process for making highly stereoisomerically pure solifenacin succinate from our laboratory [9] . During the development, we felt the need for an efficient analytical method for the determination of stereoisomerical purity and the results of the same are reported here.
Development of an analytical method for the quantitative determination of stereoisomers in the drug substances/drug products having chiral centers is an important and challenging task during the drug synthesis and formulation research in pharmaceutical companies. It is highly essential to monitor and control other isomers to meet the stringent quality requirements. Although many analytical techniques like gas chromatography (GC), capillary electrophoresis (CE), and liquid chromatography (LC) can be employed for this purpose, liquid chromatography with a chiral stationary phase (CSP) is the most widely used technique [10] [11] [12] [13] [14] . Two methods are reported for the separation of stereoisomers in the solifenacin succinate [15, 16] using Chiralpak AD-H column (mobile phase comprising n-hexane : isopropyl alcohol : diethyl amine (800 : 200 : 1, v/v/v); flow rate 1.0 mL/min; column temperature 20 • C; wavelength 220 nm) and Chiralcel OD-H column (mobile phase comprising n-hexane : isopropyl alcohol : diethyl amine (500 : 8 : 1, v/v/v); flow rate 1.0 mL/min; column temperature 40 • C; wavelength 230 nm), respectively. With reported methods, we could not achieve the good resolution between Isomer-1 and Isomer-3 that leads to difficulty in the quantification, and the run time was found to be very long. Thus, we felt the need for a rapid and accurate stereoselective HPLC method to quantify all the stereoisomers of solifenacin. The efforts paid to develop the method to achieve better resolution between all the stereoisomers and solifenacin using different chiral stationary phases and chiroptical detection using laser polarimeter in our laboratory are presented in this paper. The developed method was validated to ensure the compliance in accordance with USP and ICH guideline [17, 18] .
Experimental
2.1. Chemicals. Samples of solifenacin succinate, a mixture of all four stereoisomers of solifenacin and its three stereoisomers were received from synthetic laboratory, Megafine Pharma (P) Ltd., Nashik, India. HPLC grade n-Hexane, ethanol, and isopropyl alcohol were purchased from Qualigen fine chemicals, Mumbai, India. Diethylamine was purchased from Merck, Mumbai, India. connected with a photodiode array detector (PDA) and variable wavelength detector (VWD). Chiral detection was performed using advanced laser polarimeter (PDR Chiral Inc.). The output signal was monitored and processed using EZChrome Elite software version 3.2.1. The chiral columns used during method development were Chiralcel OD-H, Chiralpak AD-H, Chiralpak-IA, Chiralpak-IB, and Chiralpak-IC (Daicel Chemical Industries, Japan) with 5 μm particle size and (250 × 4.6 mm ID) dimension. concentration was about 1.0 mg mL −1 , and the injection volume was 20 μL. Mobile phase was used as diluent during the standard and test sample preparation.
Equipment

Preparation of Solutions.
A mixture of all four stereoisomers standard solution of 6 μg mL −1 and test sample solution of 1000 μg mL −1 was prepared for the determination of stereoisomers. Individual stereoisomer solutions (isomer-1 to 3) of 1.5 μg mL −1 were also prepared in diluent.
Formulation drug sample was prepared as follows: ten weighed tablets of solifenacin succinate (equivalent to 5 mg each of Solifenacin succinate) were ground to powder, and an equivalent of 25 mg of active ingredient was dissolved in diluent in a 25-mL volumetric flask, ultrasonicated for about 10 min, and its volume was made up to the mark with the diluent, filtered through Merck Nylon syringe filter having pore size 0.45 μm. The clear liquid was collected and used for the determination of stereoisomers in the drug formulation. (LOQ) . The LOD and LOQ of all the three stereoisomers were determined using calibration curve method according to ICH Q2R1 recommendations by establishing the lowest concentration that can be measured with precision. Precision study was also carried out at the LOQ level by injecting six individual preparations of all the stereoisomers and calculating RSD (%) of the area of each stereoisomer.
Analytical Method Validation
Limit of Detection (LOD) and Limit of Quantification
Linearity.
The linearity of an analytical procedure is its ability (within a given range) to obtain test results, which are directly proportional to the concentration of the analyte in the sample. Linearity test solutions were prepared by diluting the stereoisomers stock solution to the required concentrations. The solutions were prepared at six concentration levels from LOQ to 500% with respect to the stereoisomers specification level of 0.15% (i.e., LOQ. 0.075, 0.150. 0.225, 0.300, 0.600, and 0.750% related to solifenacin). The calibration curves for the stereoisomeric impurities were drawn by plotting the peak areas of stereoisomers versus its respective concentration. The correlation coefficient, intercept, and slope of the calibration curve were calculated and reported.
2.4.5. Accuracy. The accuracy of an analytical procedure expresses the closeness of agreement between the value, which is accepted either as a conventional true value or an accepted reference value and the value found. The recovery experiments were conducted to determine an accuracy of a developed HPLC method for the quantification of all three potential stereoisomeric impurities of solfenacin ( Figure 1) in bulk drug samples. The study was carried out in triplicate at four concentration levels, that is, LOQ, 0.075, 0.15, and 0.225% of the analyte concentration (1.0 mg mL −1 ). The percentage recoveries were calculated by using formula (1):
2.4.6. Robustness. To assess robustness of the method, the experimental conditions were deliberately altered, and resolution between the stereoisomers was evaluated. The effect of flow rate was studied at 0.9, 1.0, and 1.1 mL min −1 . The effect of column temperature was studied at 27, 30, and 33 • C. The effect of mobile phase composition on resolution was assessed by changing the amounts of ethanol by ±1%. The effect of changing the amounts of the additive diethylamine was also studied. All the other mobile phase components were held constant as described in the section of chromatographic parameter.
Results and Discussion
Method Development and Optimization.
To achieve the good separation between solifenacin succinate and its three stereoisomers, five chiral columns, namely Chiralpak AD-H, Chiralcel OD-H, Chiralpak IA, Chiralpak IB, and Chiralpak IC, were screened under normal phase conditions. Owing to the basic nature of the analyte, 0.1% DEA was added to the starting mobile phases n-Hexane/IPA (80/20, v/v) and n-Hexane/EtOH (80/20, v/v). A mixture of all four stereoisomers of solifenacin succinate was used during the method development. Indication of separation between all the four peaks was noticed on all the columns except Chiralpak IB column. Method optimization experiments were performed using Chiralpak IC column due to its high selectivity compared to other columns screened under this study. Chiralpak IC is the latest column in the immobilized polysaccharide category of columns. Its chiral selector tris (3, 5-dichlorophenylcarbamate) was immobilised on silica gel and hence compatible with all kinds of solvents. On Chiralpak IC column, retention times were found to be longer in case of IPA compared to ethanol as a modifier in the mobile phase. Interestingly, change in elution order was observed with change in alcohol modifier in presence of constant chromatographic conditions (i.e., flow rate, column oven temperature 25 • C, and injection volume). Chiroptical detection using laser polarimeter reveals the changes in elution order of stereoisomers. Elution order with IPA modifier and EtOH modifier was isomer-1, isomer-2, isomer-3, solifenacin and isomer-1, isomer-3, isomer-2, and solifenacin, respectively (Figures 2(a) and 2(b) ). Reversal of elution order between isomer-2 and isomer-3 could be due to an alteration of the steric environment of the chiral grooves by alcohol modifier. Neither IPA nor EtOH as a separate modifier could not yield fast analysis time with satisfactory separation. By considering the fact that IPA and EtOH causing reverse elution order for isomer-2 and isomer-3, attempts were made by mixing both alcohol modifiers in the mobile phase. Fast elution with excellent separation was achieved using the mobile phase consisting of n-Hexane/EtOH/IPA/DEA in the ratio of 60 : 15 : 25 : 0.1, v/v/v/v (Figure 2(c) ). The typical retention times of isomer-1, isomer-2, isomer-3, and Solifenacin were about 7.7, 8.8, 11.6, and 14.9 min, respectively. The chromatographic characteristics were given in Table 1 . Further, the effect of temperature on the resolution between all the stereoisomers was studied. Column temperature was maintained at 10, 20, 30, and 40 • C and the resolution was recorded (Figure 3 ). Resolution between isomer-1 and isomer-2 was decreased with increase in temperature; where resolution between isomer-2 and isomer-3 was increased with increase in temperature. Resolution between isomer-3 and solifenacin was not significantly affected with column temperature. The final optimized column temperature was maintained at 30 • C. The developed method was also applied to pharmaceutical formulations.
Method Validation
3.2.1. Selectivity. The selectivity of method was checked by injecting the test sample spiked with each individual stereoisomer and its precursor at 0.15% level of analyte concentration. An excellent separation between all the peaks was observed (Figure 4 ). Resolution between successive stereoisomer was found to be not less than 3.0 indicating good selectivity between solifenacin and all the stereoisomers. Hence, the method is selective to determine the stereoisomers of solifenacin succinate. Also, the selectivity for commercial formulation of solifenacin succinate was confirmed by injecting the tablet solution.
Precision.
The RSD (%) of content of isomer-1 to isomer-3 in method precision study was within 1.9% and in intermediate precision study was within 3.8%. The results of method precision and intermediate precision were compared with each other. The overall RSD (n = 12) for percentage of stereoisomers (i.e., isomer-1 to isomer-3) was found within the range of 2.53% to 3.21%. The precision results are reported in Table 2 , confirming the good precision of the developed method.
LOD and LOQ.
The LODs of isomer-1, isomer-2 and isomer-3 were 0.003, 0.002, and 0.004%, respectively (of analyte concentration i.e., 1.0 mg mL −1 solifenacin). The LOQs of isomer-1, isomer-2, and isomer-3 were 0.009, 0.007, and 0.012%, respectively (of analyte concentration i.e., 1.0 mg mL −1 solifenacin). The RSD (%) of LOQ precision of all stereoisomers was NMT 10 %.
Linearity.
Linear calibration plots were drawn for each stereoisomer (isomer-1, isomer-2, and isomer-3) ranging from LOQ to 500% of stereoisomer specification (NMT 0.15%), and the correlation coefficient obtained was greater than 0.999. These results demonstrate that an excellent correlation existed between the peak area and concentration of isomer-1 to isomer-3. The correlation coefficient, intercept, and slope for each stereoisomer is shown in Table 2 .
3.2.5. Accuracy. The percentage recovery of stereoisomers (isomer-1 to isomer-3) in bulk drugs samples ranged from 93.3% to 104.6%. The results of accuracy are reported in Table 2 . HPLC chromatogram of all the three stereoisomers 6 Chromatography Research International spiked in solifenacin bulk drug sample at specification level is shown in Figure 5 (b).
Robustness.
In all the deliberate varied chromatographic conditions (flow rate, column temperature, and composition), the resolution between successive stereoisomers was greater than 3.0, illustrating the robustness of the developed method.
Solution Stability.
The solution stability of solifenacin succinate and its three stereoisomers was assessed by keeping the spiked sample solutions in a tightly capped volumetric flask at room temperature on a laboratory bench for 48 h, calculating the amount of isomer-1, isomer-2, and isomer-3 at every 6 h intervals and comparing with freshly prepared solution. The solution stability experiment data confirms that sample solutions prepared in the mobile phase were stable up to 48 h at room temperature (25 • C).
Application of Method.
The analysis results of the commercial formulation sample and bulk drug sample are shown in Table 3 . It indicates that the method is specific and selective for the determination of stereoisomers of solifenacin succinate in the formulation and bulk drug samples. The typical chromatogram of batch sample analysis is also shown in Figure 5 (a).
Conclusions
The method presented in this communication describes the development of a rapid, simple, and accurate HPLC method that separates all four stereoisomers (isomer-1, isomer-2, isomer-3, and solifenacin) with good resolution. The developed method was validated to ensure the compliance in accordance with ICH guideline. The developed method will be useful for monitoring the quantitative determination of stereoisomers in the bulk and formulation samples.
